Recent years have seen an increasing interest in the development of III-nitride InGaN solar cells. This interest has been driven by the favorable physical properties of III-nitrides for photovoltaic applications such as strong absorption coefficients (on the order of 10 5 cm À1 near the band edge), tunable bandgap from 0.70 eV to 3.4 eV, outstanding thermal performance, [1] [2] [3] [4] and superior radiation resistance under harsh environments. 5 The InGaN solar cell is therefore a promising candidate for future high-efficiency thin film photovoltaic (PV) applications, especially for the fabrication of top cells in ultra-high-efficiency multi-junction solar cells (e.g., >50%) and for space and terrestrial concentrated PV applications. There have been increasing reports on the InGaN solar cells, and their PV performance and conversion efficiency were steadily improved. [6] [7] [8] [9] [10] [11] [12] [13] For example, Neufeld et al. demonstrated an InGaN/GaN p-i-n double heterostructure solar cell with the 200 nm InGaN active layer. 6 This solar cell showed a short circuit current density (J sc ) of 4.2 mA/cm 2 and open circuit voltage (V oc ) of 1.81 V under AM0 illumination. Recently, it was realized that the performance of InGaN solar cell devices can be further improved by utilizing strained InGaN quantum wells (QWs) or superlattice active layer structures, 8, 14 which are similar to the device designs of commercial light-emitting diodes (LEDs). Kuwahara et al. at Nagoya University showed an InGaNbased superlattice solar cell with a high J sc of 3.08 mA/cm 2 and a high fill factor (FF) of 70% under AM1.5G 1.5 suns condition. Consequently, the high performance InGaN QW solar cells with high V oc of >2.0 V, high EQE of >40%, and high FF of >50% have been achieved in the following reports. [6] [7] [8] [9] [10] [11] [12] Therefore, recent developments of InGaN solar cells have benefited from the comprehensive research efforts in other III-nitride optoelectronic devices [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] such as lightemitting diodes (LEDs) [15] [16] [17] [18] and laser diodes (LDs) 15, 20, 21, 25 where InGaN/GaN multiple-quantum-well (MQW) structures are now being widely utilized for developing highefficiency III-nitride solar cells 4, 7, 9, 10, 26, 27 Despite the encouraging progress, the performance of current InGaN solar cells is still unsatisfactory, especially when compared with well-developed PV devices based on Si or III-V materials. For instance, the typical conversion efficiency of mature 1J GaAs solar cell is more than 20%. In comparison, it is still lower than 5% for 1J InGaN solar cell despite high EQE and IQE values, which is mainly due to the narrow absorption spectrum. Therefore, considerable materials and device challenges still need to be addressed before the full potential of InGaN solar cells can be realized.
One critical challenge to the development of high performance InGaN solar cells arises from the polarizationrelated effects that exist in conventional InGaN solar cells grown on polar c-plane substrates. 9, 10, 26 The discontinuities in both spontaneous and piezoelectric polarization at the caxis InGaN/GaN heterointerface will lead to large internal electric fields inside the QWs, which is detrimental to the device performance. [28] [29] [30] [31] For LED devices, it was well observed that the polarization-related effects will lead to reduced electron-hole wavefunction overlap, reduced radiative recombination rate, and reduced device efficiency. 17, 32 For solar cell devices, it was recently demonstrated that the same effects will also adversely affect the solar cells where Published by AIP Publishing. 110, 161105-1 the polarization-related electric fields will inhibit the transport of photogenerated carriers and thus dramatically reduce the collection and conversion efficiency of solar cells. 28, 29, 31 Although circumventive methods such as polarization doping have been proposed (e.g., inserting heavily doped p and n GaN layers on each side of the QWs), 33 these results are less satisfactory as it is difficult to control the doping profile and the short-circuit current can be reduced due to the high resistivity of p-GaN layers. Therefore, innovative approaches in materials and device engineering must be sought.
Alternatively, growth of InGaN solar cells along the nonpolar and semipolar orientations offers an attractive approach to address the polarization-related effects. It has been already shown in III-nitride LEDs that nonpolar and semipolar devices will have eliminated or reduced polarization-related effects and therefore much improved device performance. 16, 34, 35 Furthermore, other advantageous features such as reduced defect densities from bulk substrates, improved In incorporation, more uniform alloy composition in QWs have also been reported on nonpolar and semipolar materials, 15, 32, 36 which may be beneficial for developing high efficient InGaN solar cells. Despite these appealing material properties, there is still no systematic study on InGaN solar cells based on nonpolar or semipolar III-nitrides, and their detailed device performance is still unknown. In this work, we fabricate and characterize InGaN/GaN MQW solar cells grown on the nonpolar m-plane, semipolar ð2021Þ plane, and polar c-plane bulk GaN substrates. The absorption spectra, current density-voltage (J-V) characteristics, external quantum efficiency (EQE), and internal quantum efficiency (IQE) were measured for those devices. The solar cell performance showed a strong dependence on the polarization-related effects, where nonpolar m-plane solar cells exhibited the best PV performance due to the eliminated polarization effects, which were further confirmed by bias-dependent EQE measurements and energy band diagram simulations. ). The schematic device structure is shown in the inset of Fig. 1 . Material characterizations such as high resolution x-ray diffraction (HRXRD) analysis and atomic force microscopy were performed (data not shown here), which revealed similar material properties of all the samples in terms of alloy composition and surface roughness. The transmission and reflectance spectra of the samples were measured using LAMBDA 950/1050 UV/VIS/NIR Spectrophotometer from Perkin Elmer, and then, absorption spectra were determined from A k ð Þ ¼ 1 À T k ð Þ À RðkÞ. The samples were then fabricated into 1 mm Â 1 mm mesas by standard contact lithography and inductively coupled plasma (ICP) etching. Ti/Al/Ni/Au n-type contacts were deposited around the perimeter of the mesa, and Ni/Au p-type grid contacts with a center-to-center grid spacing of 200 lm were deposited via electron beam evaporation. The fabricated solar cell devices were characterized by illuminated J-V measurements with a Keithley 2420 source meter under an Oriel Class A Solar Simulator with AM1.5G and 1 sun condition. EQE measurement data were collected using a 150W Xenon arc lamp coupled with a Cornerstone 260 1/4 m monochromator and calibrated with a reference Si photodetector. Energy band diagrams were simulated using SiLENSe, developed by STR Group. 38 Figure 1 (b) shows Tauc's plots for all the samples. The effective bandgap energies (E g ) are 2.85 eV, 2.73 eV, and 2.45 eV for m-plane, ð2021Þ plane, and c-plane samples, respectively. Furthermore, it was also observed that the absorption edge tends to broaden with increasing polarization of the devices, which can be characterized by the Urbach tail energy (E u ). E u is strongly related to the band structures. 39, 40 In this case, this broadening of absorption edge can be attributed to the different band structures, e.g., valence band states, 41 due to different polarities of the GaN substrates. In the meantime, it is also believed that increasing material defects can also lead to the broadening of the absorption edge. This trend is also in a good agreement with our previous theoretical analysis, which suggests that E u can modify the effective bandgap energy, thus affecting the optical properties and device performance of the solar cells. 44 our nonpolar device presents a much higher V oc . Although polar c-plane solar cell initially showed the highest absorption in the optical measurement [ Fig. 1(a) ], it showed lower EQE and IQE when compared to nonpolar and semipolar ð2021Þ devices. This result is possibly due to the strongest polarization-related effects on polar cplane devices, which resulted in a poor carrier transport and collection in the electric measurement. This is also evident from the low J sc on the polar c-plane devices. The short circuit current J sc can be approximated by the equation
where F k ð Þ is the photon flux of the given solar spectrum. It can be seen that J sc is proportional to EQE, which is the product of IQE and absorption. Although the absorption spectra of c-plane solar cell are much higher than nonpolar and semipolar devices, the poor carrier collection efficiency, represented by IQE, leads to a very low J sc and poor PV performance. Conversely, the nonpolar m-plane and semipolar ð2021Þ solar cells showed higher EQE despite the lower absorption than that of the polar c-plane device, which can be attributed to improved carrier collection efficiency from reduced polarization-related effect. This result suggests that the polarization-related effects will significantly impact the carrier collection efficiency and the PV performance of III-nitride InGaN solar cells. The light J-V and EQE results presented here are also consistent with previous simulation results, which indicates that high polarization charges will change the band diagram profiles of InGaN solar cells and thus lead to reduced short-circuit currents. 28 Overall, the performance of nonpolar and semipolar InGaN solar cells is comparable to the previous reports of III-nitride solar cells. Further PV performance improvements can be expected with more advanced devices structures such as thicker absorption layers, 10, 45 thinner GaN barriers, 11, 46, 47 and better optical designs. 11, 48, 49 To further investigate the effect of the polarization field on carrier transport on InGaN MQW solar cells, the EQEs of nonpolar m-plane, and semipolar ð2021Þ plane, and polar c-plane MQW solar cells were measured under different negative bias, and the results were presented in Figs. 3(a)-3(c) . In order to better quantify the difference in EQEs under different bias, the relative EQE was plotted where the EQE spectra from zero bias to À4 V reverse bias were normalized using the peak EQE value under the zero condition. For the polar c-plane solar cell, the ratio of peak EQE under À4 V reverse bias and zero bias is as large as $7, while the ratios are only $1.60 and $1.23 for the semipolar ð2021Þ plane device and the nonpolar m-plane, respectively. The high ratio of EQEs under negative/zero bias on polar c-plane solar cells is consistent with previous reports and was attributed to the large polarization-related effects. 33 The large polarization field on polar c-plane structures creates higher barrier between the QWs, thus affecting carrier tunneling and transporting, which will lead to reduced carrier collection efficiency of the solar cells under zero bias. The applied negative bias will screen and partially offset the polarizationinduced electric field, and enhance the carrier transport and collection in the QWs, leading to an increased EQE for the solar cells under negative bias. On the other hand, the small difference in EQEs under zero/negative bias on nonpolar and semipolar ð2021Þ solar cells clearly indicates the much smaller polarization-related effects in these devices and is consistent with previous EQE results. In addition, it can also be observed that for the polar c-plane solar cell, the absorption edge or the cutoff wavelength of EQE spectra increases when the applied negative bias increases, indicating a strong change in the QW energy band profile due to the previously mentioned screening effects on the polarization-induced electric field. In contrast, only negligible change was observed in the absorption edge of the nonpolar m-plane device.
To further illustrate the difference in polarizations-related effects on nonpolar m-plane, and semipolar ð2021Þ plane, and polar c-plane devices, simulations for InGaN/GaN MQW structures were carried out using the commercial package developed by the STR Group. 37 The potential distributions were calculated by solving the Schrodinger-Poisson equations self-consistently and include strain and polarization effects. The details of the methods can be found in Ref. 32 . 50,51 Based on Wentzel-KramersBruillouin (WKB) approximations, the tunneling lifetime of an electron in a QW is primarily determined by the barrier width and the barrier height and is given by the following equation:
where s T is the tunneling lifetime, m Ã is the effective masses, L w is the well thickness, and L b is the barrier thickness. To better quantify the effective barrier height for tunneling, H e is defined as H e ¼ E c À E n , where E c is the average values of conduction band minimum of the barrier on the left of the QW and E n is the nth subband energy of the electron. We take the electron ground state E 1 (n ¼ 1) in one QW. Using this method, we calculated H e for electrons tunneling from the QW for three structures, which are 0.611 eV, 0.455 eV, and 0.410 eV for polar c-plane, semipolar ð2021Þ plane, and nonpolar m-plane, respectively, as illustrated in Fig. 4(d) . As the effective barrier height H e decreases, the tunneling rate increases, leading to better transport and higher collection of photogenerated carriers. The simulation results are consistent with the experiment results where nonpolar m-plane solar cells with lowest H e and polarization-related effects showed the highest collection efficiency and EQE compared to semipolar ð2021Þ plane and polar c-plane devices. Polarizations in III-nitride materials will therefore have a significant impact on InGaN solar cell performance.
In conclusion, we demonstrate the nonpolar and semipolar InGaN/GaN MQW solar cells based on the nonpolar m-plane and semipolar ð2021Þ plane bulk GaN substrates, and their PV performance is systematically compared. Nonpolar m-plane InGaN/GaN MQW solar cell exhibits the best PV performance across all devices, which is attributed to the improved collection efficiency from the reduced polarization-related effect. The result is further confirmed by bias-dependent EQE measurements and energy band diagram simulations. Our results show the great potential of nonpolar and semipolar devices for future high-efficiency III-nitride solar cells. Relative EQE was plotted where the EQE spectra from zero bias to À4 V reverse bias was normalized using the peak EQE value under zero condition. Note that the experimental setup used in the biased-EQE measurement is different from that in the previous EQE measurement in Fig. 2 . Therefore, the absolute values of EQEs obtained in the biased-EQE experiment differ from the EQE results in Fig. 2 .
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